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AERODYNAMICCHARACTERISTICSOF SI’HWRALAIRFOILS

03’LOW ASFXCT RATIO

By C. H. Zimmerman

SUMMARY

This paper presents the results of wind-tunneltests
of severalairfoilsof low aspect ratioa The airfoils in-
eluded three c+.rcularClark Y airfoilswith different
amounts of dihedral,two Clark Y airfoilswith slots in
their after portions,and three flat-plateairfoils, Lift,
drag, and pitching-momentcharacteristicsof the circula&-

; Clark Y airfoils;lift characteristicsof the slotted.air-
foils with slots open and closed;pitching-momentcharac-
teristicsof one of the slottedairfoilswith slots open

●* and closed:and lift characteristicsof the flat-plate
airfoilsare included,

.

The results reveal a definite improvementof li.$!-~
drag,and pitching-momentcharacteristicswith increase
in dihedralof the circularC“la~kY wing, Lift characteri-
stics near the stall were found to depend markedly on the
shape of the extreme tip but were not greatly affecte~by
slots through the.after portion of the airfoils- Changes
in plan form of the flat-plateairfoil’sgave e“rrdK&JuE$“in-

...

dicationsof the effect to he expectedfrom changes in
plan form of an airfoil of Clark Y section. ~b~”minin~m -
drag characteristicsof the circularClark Y airfoilswere
found to be substantiallythe same as for a Clark Y air-
foil of conventionalaspect ratio.

.

INTROIHJCTION

Wind-tunneltests of a series of Clark Y airfoils
(reference1) revealed,interestingaerodynamiccharacter-
istics for airfoilshaving aspect ratios of the order of
1.27. Experimentalairplanesutilizingatrfoils.ofve”ry-

.-

low aspect ratio have added to the interest in the possi.-
hilitiesof designs embodyingsuch airfoils. The tests
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reportedherein are p,artof an explorationstartedto de-
terminethe combinationo~phys.ic=lfeaturesof a low- “m—
aspect-ratiowing for optimumaerodynamiccharacteristics.
The explorationhas been dtscontir.uedbecauseof the pres- 1
sure of more urgent work-.

Includedin the presentpaper ar~ the resultsof
tests of the followingai?ioilscf low aspect ratio:
three circularClark Y airfoilswith varioa~amounts‘of
dihedral,two slottedClark Y airfoils,an& three flat-
plato airfoils. The te6tS ,of the slottedand flat-plate
airfoilswere in the nature of preliminary.workto be u-seal
in the preparationof a generalprogram.

APPARATUSAND EODELS

All &ests wore made on the regular balancesinstalled
ix the N,A.CaAo7- by 10-fmotatmosphericwind tunnel (ref-
erence2)0

The circular,ClarkY airfoilswith variousamounts of
dihedralare shown in figure 1. These airfoilswere hilt
of laminatedmahoganyto a’precisionof 0001 inch-and fin-
ished with shellac. The Clark Y airfoil bection was pre-
served to a yoint as near tiletip as practicable,the chord
lines being kept parallglJ~othe rootchord..r.The airfoils
were 14-14 ir.ches“indiamet-er.The dihedralwas varied by
changing.t-hecurva.of the intersectionof the chord lines
with a plane normal to the chord, The basic curve adopt-cd
is given %y the relation

z = K(omaxr- Omax)

where z is the peryendi,culardis,tance..$roma.pla.q iv-
cluding the root chord line t-othe chord ltne of the indiri
vi.dualsection; K is an ar%itraryconstant; %IlaXr is

the maximum ordinateof the rat- section; Omax is tllo
maximum ordinateof the particularsection. Vzlluosof “K ‘
for th%eairfoils in this investigationwere O, 1, and 2-

Tho slottedClark Y airfoilstested are shown in fig-
ures 2 and 30 The ellipticalairf,oilof aspect ratio 1
,(fig. .2)is the airfoilwithout slots for which test re-
sults appear in rof’oronco19 Tho root chord was 14.14
incims”andthe span llsll inches,tho constructionbeing
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similarto that of the circularairfoilwith K = 1. The
airfoil shown in figure 3 was derived from the circular
Clark Y airfoilwith K = 1 %y placin& the quarter-chord
points of the individualsectionsin a plane perpendicular
to the root chora, The root chord anrlthe”span for the
airfoil testedwere each 14,14 inches~ The area was that
of a circularairfoil 14-14 inches in diameter. The con-
structionof this airfoil was similarto that of the cir-
cular airfoilsc

“The flat-plateairfoilswere each 1/16 inch thick,
14.14 inches root chord, and 14914 inches span-,One was
circular in plan form; the other was-the.same in plan form
as the airfoil shown in figure 3* This latter airfoil was
tested with two &ifferentedges at the leading cage so ““
that it servedas two airfoils in the test series. These
airfoilswero made from flat stock st”eelwith the edges
smoothand rounded-

TESTS

The lift,
.....__._.

drag, and.pitchingmoment ~ere determined..
for each of the Clark Y airfoilsat angles of attack from
-5° to 60°0 The ellipticalairfoil was tested with slots
closed, slots open, and with the outer.lipof each of the
slots on the under surfaceextendea to form an air SCOOPQ
The slottedairfoil of aspect ratio 1.27 was testetlwith
slots open and slots closed-

Values of lift and drag were dotermineaf~r the flat-
plate airfoilsat angles of attack from 0° to .6~0~ .

All tests were made at an air speed of approximately
80 miles per hour, giving a ReynoldsNumber of approxi-
mately 860,000 based on the root chordc

RESULTS

Results of the tests are presented in staniiardcoeffi-
cient form in figures 4 to 11* The effects of varying the
dihedralupon the shape of the lift-coefficientcurve ana
upon the value of the maximum lift coefficientappear in
figures 4 and 50 Variationsof minimum drag coefficient,
of the shape of the polar curves~ and of pitching-moment
coefficientswith changes in the dihedralof the airfoil
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are given in figures 5, 6, and 7, reapectivelya,The pitch-
ing-momentcoefficientsare refqrredto the quarter-chord
point of the root chord. Variationsof the curves of lift
coefficientagainstangle of attack with changes in tip
shap6 and,plan form, with the addition of slots th?.ough
the airfoil,and with changeof pl_agform in the case of
flat pla”tes,appear in figures8, 9, and 10, respectively”.
The pitching-momentcharacteristicsof the slottedairfoil
with aspect ratio of 1.27 with slots open and closedare
given in figure 11.

~The resultshave not been correctedfor tunnel-wall
or blockingeffects~ The probableerrors in measurements
are as given in reference2.

DISCUSSION

The circularClark Y airf,oilswith variousamounts’of
dihedralwero testedas part of a program designedtorev-
eal physical featuresof low-aspecti-ratioairfoilsthat
most markedlyaffect their aerodynamiccharacterist.les-A
circularairfoilwith the maximum ordinatesof the upper
surfacein a plane parallelto the root chord of the air- .
foil had given the best characteristicsof the seriesof
low-aspect-ratioairfoilsreportedin reference1. The
first series of additionaltests undertakeninvolved
changingthe dihedralangle.as indicatedin figure 1. The
method of variationof the dihedraladoptedwas chosen-be-
cause it did not necessitatesharp changesin the sh&pq of
the airfoilsas seen in a front elevationand because it
permitted includingthe circularairfoil of reference1 in
the regular series.

As will be seen from figtire4,,i~creasingthe dihe-
dral moved the angle of attack for zero lift to a lower
value and increasedthe value of the maximum lift coeffi-
cient, The trend of the increasein maximum lift coeffi-
cient--is more clearly shown in figure 50

The test results indicatedthe variationof minimum
drag coefficientwith dihedral shown in figure 50 It iS
quite pos”sible,however, that’slight differencesin the
accuracyof constructi,orior in the surfacefinish of,the
airfoilsmasked the true effect of the dihe&al, It iS of
especialinterestthat the airfoi~s of low a“spectra”tio
gave values of minimum drag coefficientsubstantiallythe

I

“0

,
u

,“

P“



.

N.A.C.A,TechnicalNote No. 539’ ‘ 5

f

●✘

same as those given by conventionalClark Y airfoils,in
the 7- by 10-foot tunnel. (See fig. 5.) This result is
contradictoryto the resultspresented in reference1 but
confirmstests in the varia%le-densttytunnel wit-hthe
circularairfoil after it had been refinished. The d$~fer-
ence between the present results and those given in refer-
ence 1 is thought to have been caused by the difference
in finish of the airfoils. . . .

Increasingthe dihedralr,esultedin large reductions
in’the drag at values of lift coefficientcorresponding
to climbingand slow cruising speeds. With E = 2 the
total drag was less than the induceddrag computedfrom.”

,_g~2
the relation c~i= #- for values of CL %etween0.8

‘r .
and 102a The total drag of this airfoil was appro”xhnately
80 percent that of”the airfoil with K = O and 86 percent
that of the airfoilwith K = 1 for values of lift coef-
ficient from 0.3 to 0.7,.

Increasingthe dihedral’resulted in no importantef-
fect upon the curves of pitching-gornept,coefficientre-
ferred to the quarter-chord.pointof the ioo%“chorda~~ow .-

values of the lift coefficientbut did--resultin a decrease”
in the diving mouent at high values of %he lift coefficient.
This effect is favorablein that less controlmoment would
be necessaryto ottain a given value of c= for the air-
foil with the greatestdihedral. St is interestingto
note that almost the same pitching-momentcoefficientwas
obtainedat maximum lift coefficientfor each of *he’air=

..-.

foils.

Details of tip shape and changes in plan form had
large effectsu~on the maximum lift coefficientobtaina-
ble, as shown in figure 8. The only differencesbetween
the circular Clark Y airfoilwith K = 1 reporte&herein
and the originalcircular Clark Y airfoil reported in.,ref-
erence 1 were in the surfacefinish and in the shape of
the extreme tips. In the case of the originalairfoil the
tips were slightlyrounded;whereas in the new airfoil the
tips were carried to a sharp edge. AS will be seen from.
figure 8, the or:.gi.nalairfoil apparentlyhad a slightly
smallereffectiveaspect ratio and reached“abig%.orvalue
of maximum lift cOeff’icienteThe slc,iiiedairfoil of.+s-
pect ratio 1.2?’,when testedWit~L the slots clo:!ad,?J&VO
lower values of maximum lift coefficientthan either of
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the circularairfoils. The extreme tip shape of this air-
foil was the same as that for the circularairfoilwith
K1= in the present seriesof tests.

The preservationof unburbledflow to very high an-
gles of attack, in the case of the airfoilsof low aspect
ratios is apparentlydue to the action of the tip vortices
in removingthe boundarylayer that tends to build up near
the trailingedge of the upper surfaceof the airfoil. A
qualitativepreliminary explorationof the directionof
flow over the ,uppersurfaceindicatedthat possibly slots
through the,airfoilsopeningupward and outward wou~d fur-
ther delay the:sqparationof the flow. Two Clark Y air-
foils of very low aspect ratio were fittedwith slotsand
tested with slotsopen and slots closed. As shown by fig-
ure 9, there was a slight increasein maximp.mlift coeffi-
cient but the increasewas not sufficientto warrant ad-
ditionalinvestigationsalong this line. Yitting air
scoopsto the lower surfaceof the airfoil to directair
throughthe slotshad but slighteffect.

The divingmoment of the slottedairfoil of aspect
ratio 1.27 with the slots closedwas less than that for
the circularairfoilwith K = 1 throughoutthe lift-coef-
ficient range. Opening the slots produoed increasesof
the order of.30 percent in divingmoment. The slopeof
the curves with slots open and with slots closed was sub-
stantiallythe same~

B’latplates were testedto determinewhether the ef-
fect of plan form upon the maximum lift coefficientcould
be predictedqualitativelyfor other airfoil sectionsfrom
such tests. That such a predictionwould be reasonably
accuratehad seemedpossible because the tests of refer-
ence 1 showeda very great influenceof plan form upon the
characteristicsat very low aspect ratios. The results in-
dicate that an airfoilwith the q~arter-chordpoints of
the individualsectionsin a-planeperpendicularto the
root chord and 25 percent of the root chord back of the
leadingpcint of the root sectionshouldgive higherrval-
ues of “maximumlift coefficientthan one of circularplan
form. This predictionwas not substantiatedin the case
of the Clark Y afrfoil,as may be seen from figure 8. ..

,..-

.,..
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CONCLUSIONS

1. The minimum drag coefficientsof circularClark Y
airfoilsdo not differ greatly from those for a Clark Y
airfoil of conventionalaspect ratio.

2. Increasingthe dihedralof airfoilsof low aspec%-
ratio results in large decreasesin drag at values of lift
coefficientcorrespondingto climbingand slow cruising

.

speeds~

3, The value of naximum lift coefficientand of the
angle of attack at which it occurs is greatlyaffectedby
the shape of the extreme tip of the airfoil.

4. Slots of the t~pe used in this iivest.igation af- -
feet but slightlythe lift characteristicsof low-aspect-
ratio airfoils,

5. The nature of the variationof maximum lift coef-
ficientwitilplan form for airfoils of very low aspect
ratio cannot be predictedfrom tests with flat plates~

Langley MemorialAeronauticalLaboratory,

1.

2.

NationalAdvisory Committeefor Aeronautics,
Langley Field, Vs., July 15, 1935.
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